The fate of nine trace organic compounds was evaluated during a 12 month large-28 scale laboratory column experiment. The columns were packed with aquifer sediment 29 and evaluated under natural aerobic and artificial anaerobic geochemical conditions, 30 to assess the potential for natural attenuation of these compounds during aquifer 31 passage associated with managed aquifer recharge (MAR). The nine trace organic 32 compounds were bisphenol A (BPA), 17β-estradiol (E2), 17α-ethynylestradiol (EE2), 33 
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The microgram per litre concentration range was selected for the influent trace 167 organic concentrations so low volume column samples could be collected, while still 168 achieving analytical detection of trace organics, especially if substantial 169 biodegradation occurred. This enabled discrete sampling from nineteen sampling 170 ports along each column to provide fine-scale column profile data to assess changes in 171 the location and rate of biodegradation of the trace organics during the experiment. 172
Throughout the 12 month experiment, influent water and column samples 173 were collected and analysed to assess trace organic fate. E2, EE2, BPA, CARB and 174 OXAZ were analysed by direct injection high performance liquid chromatography 175 tandem mass spectrometry using an Agilent 1200 Series HPLC in conjunction with an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Results and Discussion

230
Retardation coefficients 231
Sediment analysis by XRD showed the mineral composition was 232 predominantly quartz (75 %), with calcite (12 %), microcline/orthoclase (11 %), and 233 albite/anorthite (2 %). All other minerals were below analytical detection (<1 %). 234
Details of the sediment properties are given in Table 1 . 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 For some of the trace organics (e.g. IDP), their travel distance appeared 252 marginally further than bromide, but this is likely to be a result of sampling/analysis 253 variability. For these trace organics it was assumed that no sorption to the sediment 254 occurred and an R value of 1.0 was used. For the non-sterile column, R values of the 255 non-degrading trace organics (data not shown) were similar to the results from the 256 sterile column suggesting that the azide solution was not affecting sorption of the 257 trace organics. Estimated R values and trace organic octanol-water partition 258 coefficients (K ow ) are given in Table 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 narrow zone within the column resulting in insufficient measurement points to 303 accurately assess the kinetic degradation behaviour. Also, for the slower degrading 304 trace organics, either zero-order or first-order degradation profiles could be fitted to 305 the concentration data with similar degrees of confidence. Therefore, both zero-order 306 and first-order degradation rates were estimated (Table 2) . Zero-order degradation 307 rates for the trace organics were determined by fitting a linear relationship to the 308 experimental data, while first order half-life degradation rates were determined by 309 fitting a half-life curve to the experimental data using Origin® v7 software. 310
To determine the maximum degradation rates, concentration data from the last 311 sampling event (day 330) was used in preference to the earlier sampling events, to 312 provide an extended time for microbial activity to commence and potentially 313 overcome any biodegradation lag-time. Earlier and mid-time concentration data was 314 used to assess the onset of degradation (lag-times). Based on a non-sorbing trace 315 organic column residence time of approximately 21 days for the aerobic zone of the 316 column (100 cm from the base of each column), a maximum half-life value of >50 317 days was determined for non-degrading trace organics. For the day 330 sampling 318 event (see Figure 2) , the sterile control column results were generally lower and more 319 variable than the non-sterile column results, the non-degrading trace organics OXAZ, 320 CARB, NDMA, NMOR, and IDP. The difference between these column results could 321 be associated with analytical artefacts due to matrix suppression effects associated 322 with the sodium azide in the sterile column and ethanol addition in the treatment 323 phase of the experiments. The potential influence of matrix suppression for the LC-324 MS analytical methods were evaluated in dilution or standard addition experiments. 325
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469
(n = 4) and <0.1 μg L -1 (n = 4) for CARB and OXAZ and an extraction rate of 250 kL 470 day -1 gave mass recovery rates of 22 ± 6 mg day -1 and <25 mg day -1 for CARB and 471
OXAZ. This mass balance data suggests that CARB was not removed during the 70 472 day aquifer passage, which was consistent with column data that showed a 473 degradation rate of >50 days. Due to the higher analytical detection limit for OXAZ, a 474 field assessment of OXAZ degradation based on mass balance data could not be 475 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 20 investigated. The decreases for both CARB and OXAZ with distance from the 479 infiltration gallery are likely due to a combination of degradation and/or 480 dilution/dispersion. As the rates of decrease are similar for both trace organics (similar 481 ratio of OXAZ to CARB), their degradation rates should also be similar, assuming 482 that dilution/dispersion is similar for both. Based on this data and CARB mass 483 balance data, OXAZ degradation half-life is likely to be negligible over the 70 day 484 aquifer passage. These field-based degradation rates are consistent with column data, 485 suggesting the column data provides a reliable field-scale estimation of trace organic 486 degradation rates, at least for persistent trace organics CARB and OXAZ. 487
488
Conclusions
489
For the Spearwood sediment investigated in this experiment, the low R values 490 of the trace organics for the sediment suggest these compounds will migrate at similar 491 velocities to groundwater flow. The natural aerobic geochemical conditions provided 492 a suitable environment for degradation for the endocrine disrupting compounds (BPA 493 and E2), and IOH, with bacterial acclimation lag-times ranging from <15 to 30 days. 494
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